Three major mitochondrial DNA (mtDNA) haplogroups were identified in 5 data sets for North Pacific and Bering Sea walleye pollock. The common haplogroup A showed mirror-image clines on both sides of the North Pacific with high frequencies in southern areas (P A . 0.84) and low frequencies in the Bering Sea (P A , 0.36). Two additional haplogroups showed complimentary, but weaker, clines in the opposite direction. These clines are unlikely to have arisen by chance during postglacial colonizations of coastal waters in the North Pacific and Bering Sea, and they do not appear to reflect isolation by distance. Contrary to these trends, pollock at the western end of the Aleutian Island Archipelago were genetically more similar to Asian than to North American pollock, a pattern likely reflecting postglacial colonization. Haplogroup F ST values for a given haplotype diversity were significantly larger than expected under the island model of migration and random drift, a result implicating natural selection. Frequencies of haplogroup A were highly correlated with sea surface temperature (r . 0.91), whereas frequencies of groups B and C showed negative correlations with temperature. Selection may be operating directly on mtDNA variability or may be mediated through cytonuclear interactions. This biogeographic evidence adds to a growing body of literature indicating that selection may play a greater role in sculpting mtDNA variability than previously thought.
Three major mitochondrial DNA (mtDNA) haplogroups were identified in 5 data sets for North Pacific and Bering Sea walleye pollock. The common haplogroup A showed mirror-image clines on both sides of the North Pacific with high frequencies in southern areas (P A . 0.84) and low frequencies in the Bering Sea (P A , 0.36). Two additional haplogroups showed complimentary, but weaker, clines in the opposite direction. These clines are unlikely to have arisen by chance during postglacial colonizations of coastal waters in the North Pacific and Bering Sea, and they do not appear to reflect isolation by distance. Contrary to these trends, pollock at the western end of the Aleutian Island Archipelago were genetically more similar to Asian than to North American pollock, a pattern likely reflecting postglacial colonization. Haplogroup F ST values for a given haplotype diversity were significantly larger than expected under the island model of migration and random drift, a result implicating natural selection. Frequencies of haplogroup A were highly correlated with sea surface temperature (r . 0.91), whereas frequencies of groups B and C showed negative correlations with temperature. Selection may be operating directly on mtDNA variability or may be mediated through cytonuclear interactions. This biogeographic evidence adds to a growing body of literature indicating that selection may play a greater role in sculpting mtDNA variability than previously thought.
In phylogeographic studies, mitochondrial DNA (mtDNA) variability among populations is usually interpreted to reflect the effects of gene flow and random drift. Gene flow between populations of marine fishes may be particularly important because of the large potential for movement between populations as larvae, juveniles, or adults. Although natural selection has been documented for some nuclear genes in marine fishes (Pogson 2001; Canino and Bentzen 2004) , selection on mtDNA is generally assumed to be minimal (Avise 2000) . However, several studies have demonstrated selection on mtDNA in other groups, including mammals (e.g., Ruiz-Pesini et al. 2004) , insects (e.g., Rand and Kann 1996) , and freshwater fishes (e.g., Moyer et al. 2005) . A recent summary of genetic diversity in populations of vertebrates and invertebrates failed to confirm the overriding importance of demographic factors in sculpting mtDNA variability (Bazin et al. 2006) .
Here, we examine mtDNA variability among populations of walleye pollock (hereafter pollock), Theragra chalcogramma, which extend around the rim of the North Pacific from the Sea of Japan to Puget Sound, Washington. Biological (e.g., Serobaba 1978; Hinckley 1987; FitzGerald et al. 2004) and genetic (e.g., Olsen et al. 2002) differences appear among populations despite the large potential for gene flow during planktonic egg and larval stages (Hinckley et al. 1991) . Genetic differences among populations have been detected on scales of hundreds of kilometers with allozyme (Grant and Utter 1980; Olsen et al. 2002) , mtDNA (Mulligan et al. 1992; Shields and Gust 1995; Kim et al. 2000; Olsen et al. 2002; Brykov et al. 2004) , microsatellite DNA (Olsen et al. 2002; O'Reilly et al. 2004; Shubina et al. 2004) , and nuclear (pantophysin [Pan I] Canino et al. 2005) gene markers. On a larger geographic scale, genetic markers reveal 2 parapatric groups across the North Pacific meeting in the Bering Sea (Iwata 1975; Olsen et al. 2002; O'Reilly et al. 2004 ). This subdivision has been variously attributed to ice-age vicariances (e.g., Grant and Utter 1984) or natural selection (e.g., Canino et al. 2005) .
Whereas several studies have used mtDNA polymorphisms to survey regional populations of pollock, no range-wide studies have been conducted to define oceanscale features of genetic variability. Here, we summarize 4 published mtDNA data sets (Mulligan et al. 1992; Kim et al. 2000; Olsen et al. 2002; Brykov et al. 2004 ) and, together with new mtDNA sequence data from Puget Sound, resolve ocean-wide patterns. The positions and abundances of haplotypes in genealogies from the various studies allow the identification of 3 major haplogroups in the data sets. Frequencies of these groups vary clinally along each side of the North Pacific. We evaluate 3 mechanisms potentially producing these clines: 1) random events during postglacial colonization, 2) isolation by distance, and 3) natural selection. Pollock inhabit coastal areas with strong latitudinal sea surface temperature (SST) gradients, and these mtDNA clines may reflect the effects of temperature-mediated selection.
Materials and Methods
Fifty juvenile walleye pollock were collected in June 2003 in Puget Sound near Port Townsend, Washington (USA), and tissue samples were preserved in 95% ethanol. Genomic DNA was extracted with a Qiagen DNeasy kit (Qiagen Inc., Valencia, CA). Polymerase chain reaction (PCR) primers, designed with Primer3 software (Rozen and Skaletsky 2000) , amplified a 479-bp fragment of the cytochrome oxidase subunit I (COI) mitochondrial gene. Amplifications were conducted in 10 ll volumes containing ;100 ng template DNA, 10 mM Tris-HCl (pH 8.3), 50 lM KCl, 2.5 mM MgCl 2 , 2.0 mM of each deoxyribonucleotide triphosphate, 5 pM of each primer (COI_gadid_F-5#ATCACCCGCT-GATTTTTCTC3# and COI_gadid_R-5#ATTGCCCCAA-GAATTGATGA3#), and 0.5 U Biolase Taq polymerase (Biolase Technology, Inc., San Clemente, CA). A ''touchdown'' thermal cycle was performed in an MJ Research PTC-100 Thermalcycler (MJ Research, Inc., Waltham, MA). An initial denaturation step at 94°C (2 min) was followed by 5 cycles of 94°C (1 min), 56°C (1 min [À1°per cycle]), and 72°C (1 min), then by 25 cycles of 94°C (30 s), 51°C (30 s), and 72°C (30 s), with a final extension at 72°C (10 min). Amplicons were treated with ExoSAP-ITÒ (USB Corp., Cleveland, OH) to degrade unincorporated primers and deoxynucleotides.
Cycle sequencing was performed directly from PCR products on a LI-COR 4300S DNA analyzer (LI-COR Biosciences, Lincoln, NE) by combining 100 mM purified PCR product with labeled forward (IRD800, LI-COR Biosciences) and reverse (IRD700, LI-COR Biosciences) primers (ThermoSequenase II, Amersham Biosciences, Piscataway, NJ). Forward and reverse sequences were analyzed using e-SEQ 3.0.9 (LI-COR Biosciences), and sequence contigs were aligned with SEQUENCHER 4.0.5 (Gene Codes Corp., Ann Arbor, MI). Haplotype sequences were deposited in GenBank (DQ385429-DQ385443).
The data sets of Brykov et al. (2004) , Kim et al. (2000) , and Mulligan et al. (1992) consist of restriction fragment length polymorphism (RFLP) profiles of whole mtDNA or PCR amplicons (Table 1) . Mulligan et al. (1992) produced whole mtDNA restriction profiles for 4 samples from the West Gulf of Alaska and Bering Sea (Figure 1 ) using 9 enzymes. Two errors appear in this study: restriction haplotype ''F'' for ApaI appeared in a table of haplotype frequencies but not in the table of restriction enzymes fragment profiles. Also restriction fragment profile ''F'' appears for BglI in the table of restriction profiles but not in the table of haplotype frequencies. These 2 enzymes were dropped from the analysis without a loss of phylogeographic resolution. Kim et al. (2000) used 8 restriction enzymes to survey whole mtDNA in 5 samples from the Northeastern Pacific and Bering Sea, and Brykov et al. (2004) used 6 restriction enzymes to survey 3 PCR fragments (ND3/4, ND5/6, Cyt b/CR) in 5 samples from the West Bering Sea. Olsen et al. (2002) surveyed 3 PCR fragments (ND5/6, Cyt b, COI) with 8 restriction enzymes in 6 spawning-area samples, extending from the Kamchatka Peninsula to the central Gulf of Alaska. A fifth data set from Shields and Gust (1995) of 2 noncoding regions (76 bp spacer region, 170 bp left side of the control region) did not provide sufficient phylogeographic resolution to be useful. For each RFLP data set, restriction profiles were concatenated to create a composite haplotype.
Estimates of haplotype (h) and nucleotide (H p and H W ) diversity for individual samples followed Nei (1987) , as implemented in ARLEQUIN 2.0 (Schneider et al. 2000 ). Watterson's (1978) homozygosity test, based on F, the sum of squared haplotype frequencies, tests the fit of the observed to the expected haplotype frequency spectrum under the infinite-alleles model for a population in mutation-drift stasis (Ewens 1972 ). Chakraborty's (1990) test, also based on Ewens' frequency spectrum, estimates the expected number of haplotypes under neutrality. Significances for both tests were evaluated with 1000 permutations. F S (Fu 1997) , based on the infinite-sites model, was also used to test for neutrality. Diversity statistics on both sides of the North Pacific were regressed with distance from the southernmost sample using Numerical Taxonomy and Multivariate Analysis System, (NTSYS, Exeter Software, Setauke, NY).
Gene genealogies for each data set were inferred from minimum spanning networks (ARLEQUIN). Restriction site polymorphisms on different basal branches in the genealogy were assumed to reflect different nucleotide substitutions in the restriction recognition site. Major haplogroups in each data set were identified with procedures outlined in Templeton et al. (1987) . Three groups in common among the studies were identified by their abundances and positions (tip or interior) in the genealogies of pooled samples for each study. A weighted average of group frequencies was estimated for 14 areas. These frequencies were used to estimate F ST , which was tested for significance with 1000 permutations of sample frequencies (Analysis of Molecular Variance, ARLEQUIN).
The distribution of F ST and heterozygosity values among 24 allozymes and 3 microsatellite DNA loci (Olsen et al. 2002) was used to test the hypothesis that the F ST 's and gene diversities of the 3 haplogroups fit the infinite-alleles and island-migration models of population structure (FDIST2, Beaumont and Nichols 1996) . The 95% limits were generated with 50 000 iterations of 100 hypothetical populations with samples sizes of 100 individuals.
Regression analysis NTSYS, was used to test for correlations between group frequencies and 1) distances between samples and 2) historical SSTs (Reynolds 1988) . SST for each sampling site was interpolated from isotherms on maps produced by the COADS database (1800-2002, Comprehensive Ocean Atmosphere Data Set; Woodruff et al. 1993) .
Results
Thirteen transitions and 2 transversions along a 479-bp fragment of COI produced 15 haplotypes in a sample of 50 pollock from Puget Sound (Table 2) . No indels were observed, and 11 haplotypes occurred as singletons. The number of haplotypes and the level of haplotype ''homozygosity'' significantly exceeded the expectations of the drift-mutation neutral model (Table 1) .
Weighted averages of haplotype diversities for 14 areas appear in Figure 2 . Among Asian samples, h increased from 0.55 in the Sea of Japan to 0.93 in the Northwestern Bering Sea and was highly correlated with distance from the Sea of Japan (r 5 0.926, P 5 0.008). H p rose from 0.3% to 2.4% and was highly correlated with distance (r 5 0.927, P 5 0.008). H W increased from 0.6% to 3.7% and was also highly correlated with distance (r 5 0.941, P 5 0.005). Diversity gradients were less steep, but also significant, in the Northeastern Pacific. Haplotype diversity varied from 0.70 in Puget Sound to 0.95 in the Southeastern Bering Sea and was correlated with distance from Puget Sound Figure 1 . * P , 0.05; ** P , 0.01; *** P , 0.001.
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(r 5 0.855, P 5 0.014). H p varied from 0.3% to 1.2% and was also correlated with distance (r 5 0.828, P 5 0.022). H W was also correlated with distance (r 5 0.791, P 5 0.034).
Tests of drift-mutation neutrality were made on the original samples (Table 1) . Significant values of F S appeared in all but 4 samples. These departures from neutrality generally reflect greater numbers of haplotypes and higher levels of haplotype homozygosity than expected from Ewens' distribution. The number of significant departures from neutrality for both variables tended to be larger in North American than in Asian samples.
Although summary statistics for individual samples reveal distinctive geographic patterns, trends in haplotype frequencies among areas across the North Pacific remain obscure. In an attempt to combine the various data sets, homologous haplogroups among studies were identified by their positions in haplotype networks and by frequencies in geographically overlapping samples among individual data sets (Figure 3 ). Three major groups, A, B, and C, appeared in the data sets of Mulligan et al. (1992) , Olsen et al. (2002), and Brykov et al. (2004) . Two major groups appeared in the data sets of Kim et al. (2000) and in the sequences for Puget Sound. Group C appeared to be absent in the southernmost samples on both sides of the North Pacific.
Frequencies of these haplogroups varied considerably across the North Pacific (Figure 1) . The frequency of A along the Asian coast decreased clinally from 0.87 in the Sea of Japan to 0.34 in the northern Bering Sea. Along North America, frequencies of A varied clinally from 0.84 in Puget Sound to 0.64 around Bogoslof Island. Frequencies of groups B and C also varied clinally, but in the opposite direction from A. Samples 7 and 8 in the center of the species' range, however, did not fit into these clinal patterns. In a three-dimensional ordination of samples by group frequencies, the sample from the western end of the Aleutians (No. 8) clustered with Russian samples (Nos 4-6), and samples from the central Bering (No. 7) in international waters (the ''donut hole'') clustered with Alaskan samples (Nos 9-13) (Figure 4 ). Excluding these 2 samples, (Table 3) .
Unexpectedly high values of F ST can potentially identify genetic markers under natural selection (Baer 1999) . Most allozyme and microsatellite DNA loci from Olsen et al. (2002) show low levels of differentiation among populations (F ST , 0.009) for a given level of heterozygosity, except for two allozyme loci, Sod-2 and Mpi ( Figure 5 ). Both these enzymes are suspected to be under selection (Iwata 1975; Olsen et al. 2002) . F ST values for the 3 mtDNA haplogroups on both sides of the North Pacific exceeded the 95% limit of F ST expected under the island-migration and infinite-alleles models of population structure.
Regression analysis revealed a significant decrease in the frequencies of group A with distance from the southernmost sample on each side of the North Pacific (r . À0.90, Table 3 ). Frequencies of A were significantly correlated with SST (r . 0.90). On the Asian side, significant correlations appeared between frequencies of B and distance (r 5 0.946) and between B and SST (r 5 À0.920), but not on the North American side of the North Pacific. Significant positive correlations (r . 0.83) appeared between the frequency of C and distance, and significant negative correlations (r . À0.81) appeared between C and SST on both sides of the North Pacific.
Discussion
Three mechanisms, possibly in combination, may account for these patterns of mtDNA variability in pollock. First, pollock populations may bear imprints of postglacial colonizations (Hewitt 1996) . Under this ''historical'' hypothesis, populations have not reached migration-drift equilibrium across the North Pacific and may still reflect demographic effects of historical colonizations. Under a second hypothesis, restricted gene flow and random drift have produced isolation by distance among populations, resulting in haplogroup frequency clines. Although these historical and equilibrium hypotheses may explain some aspects of the results, the clinal patterns in haplotype frequencies are more likely due to natural selection.
Before discussing these hypotheses in more detail, we offer 2 prominent caveats:
1. The apparent geographic patterns observed in this survey of mtDNA data depend on correctly identifying homologous haplogroups among studies. Identifications are possible because the lack of recombination along mtDNA molecule preserves linkage groups. Although different combinations of restriction enzymes were used in the different studies, each study detected the same underlying molecules and, hence, should detect the same mitogenomic haplotypes. The large data set of Olsen et al. (2002) provides the backbone for these identifications because of wide geographic coverage, large sample sizes, and geographic overlap with samples from other studies. 2. Geographic population structure may not be fully resolved by surveys of genetic markers in some studies of pollock because samples were collected out of the spawning season, except for samples in Olsen et al. (2002) and the sample from Puget Sound. However, significant haplotype frequency shifts between adjacent samples of nonspawning fish indicate that movement may be largely limited to in-and offshore seasonal migrations. The lack of significance of Chakraborty's amalgamation test and the general lack of departures from Hardy-Weinberg proportions for allozyme loci (Grant and Utter 1980) in most areas also indicate the lack of population mixing out of the spawning season.
Postglacial Colonization
During glacial maxima, climate cooling and drops in sea level modified shorelines, ocean currents, and plankton productivity in the central North Pacific (Hopkins 1972; Sancetta 1983; Oba et al. 1991) . During these maxima, perennial sea ice covered much reduced areas of the Okhotsk and Bering seas (Mann and Peteet 1994) . Inshore areas were also covered by tidewater glaciers, which extended along Kamchatka Peninsula and from the Aleutian Islands to Puget Sound (Molnia 1986; Mann and Peteet 1994; Barrie and Conway 1999) . These sea-level glaciers disrupted inshore pollock nursery areas through combinations of physical displacements, temperature effects, and shifts in current patterns. More importantly, the collapse of plankton productivity around the rim of the North Pacific (Sancetta 1983 ) likely led to the collapse of many pollock populations, which are regulated by bottom-up trophic dynamics (Ware and Thomson 2005) . Climatic upheavals apparently led to population extinctions in the central North Pacific, producing 2 large refuge populations in the Northwestern and Northeastern Pacific. These populations subsequently expanded into the central North Pacific and marginal seas after glaciers receded 12 000-14 000 years ago. Genetic imprints of these colonizations may still be present in contemporary populations. Under an historical scenario, the geographic patterns in haplotype frequencies across the Bering Sea are a legacy of ice-age separation and secondary contact between refuge populations. Genetic imprints of ice-age vicariances and re-associations appear in other North Pacific fishes, including Pacific herring (Grant and Utter 1984) , yellowfin sole (Grant et al. 1983) , and Pacific cod (Grant et al. 1987) . In pollock, the pervasive departures from neutrality among samples may reflect these ice-age population disturbances.
Features of mtDNA variability in pollock, however, diminish the suitability of this model for explaining parallel clines on both sides of the North Pacific. The highest haplotype and nucleotide diversities appear in northern populations, an unlikely pattern, if colonization occurred in a stepwise fashion by ''pioneer'' migrants (Hewitt 1996) . If pioneer colonization were important, reduced levels of diversity in northern populations should appear from founder effects, and a chaotic haplotype frequency distribution would be imprinted on pollock populations. These 2 features characterize populations of freshwater fishes in previously glaciated areas of North America (Bernatchez and Wilson 1998) . Brykov et al. (2004) , and the present study. Major haplogroups (bold boxes) were identified with the procedures of Templeton et al. (1987) . However, in marine waters, the potential for movement is greater because of the lack of land barriers to dispersal. If colonization occurred by ''tidal waves'' of migrants, no latitudinal gradient would be expected. Additionally, the lack of intermediate haplotype frequencies in the central part of the range does not support a hypothesis of mixing between 2 divergent populations.
While the parallel clines on both sides of the North Pacific likely reflect the effects of natural selection (see below), genetic profiles of some populations may be better explained by patterns of postglacial colonization. In particular, the population near the western Aleutians (location 8) is more similar in haplogroup frequencies and genetic diversity to Russian populations than to neighboring North American populations. This population does not have haplogroup frequencies predicted by the observed correlation with temperature among North American populations. A similar genetic affinity between Asian and western Aleutian Island populations has also been observed for sockeye salmon (Habicht C, personal communication), and both examples likely reflect similar colonization histories of the Aleutians.
Isolation by Distance
Under a second scenario, haplotype distributions arise from a balance between gene flow and random drift. If gene flow were restricted by larval retention mechanisms and spawningsite fidelity (Sinclair 1988) , random drift would produce frequency differences among populations. Stepping-stone gene flow between populations along continental margins could then lead to isolation by distance and potentially produce the observed haplotype frequency clines.
Two factors, however, argue against an isolation-bydistance explanation for the parallel clines in the Northwestern and Northeastern Pacific. First, drift is expected to be minimal since the last glacial maximum 18 000 year ago, because population sizes have likely numbered in the hundreds of millions of fish (Ianelli et al. 1998) . Second, the significantly larger than expected values of F ST for clades A, B, and C, relative to values of F ST for allozyme and microsatellite DNA markers, indicate that the observed geographic variability is unlikely to reflect drift and gene flow alone.
Selection
The rejection of historical and equilibrium neutral models implicates natural selection. One obvious selective agent is SST, which can influence enzyme kinetics, physiology, and, hence, ecological fitness (Powers et al. 1991) . A steep temperature gradient occurs in the Northwestern Pacific, where mean SST varies from 22°C in the southern Sea of Japan to about 4°C in the Gulf of Anadyr in the northern Bering Sea (COADS). In the Northeastern Pacific, the temperature gradient is shallower, ranging from about 11°C in Puget Sound to about 5°C in the southeastern Bering Sea. Significant correlations between clade frequency and temperature support the argument that selection is operating on the mtDNA in pollock. Further, the slopes of the 2 haplotype frequency clines mirror the steepnesses of the corresponding temperature gradients.
In addition to these correlations, excesses of lowfrequency haplotypes are also consistent with selection. Even though selection may be operating on a limited portion of mtDNA, departures from neutrality can be detected over the whole mtDNA molecule because of linkage among genes Heterozygosity or Gene diversity Figure 5 . F ST and gene diversity in pollock. Closed circles represent 24 allozyme loci (Olsen et al. 2002) , and open circles represent 3 microsatellite DNA loci (Olsen et al. 2002) . Open squares represent mtDNA haplogroups from western (W) and eastern (E) areas of the study area or range. Line represents upper 95% limit of expected values under the infinite-alleles and island model of population structure. and the lack of recombination (genetic hitchhiking, MaynardSmith and Haigh 1974) . Reduced diversities in the southern parts of the range may indicate that selection is more intense in warmer waters. The apparent absence of haplogroup C in warm waters on both sides of the North Pacific also supports this argument, but larger samples from these areas are needed to confirm this supposition.
Evidence for temperature-mediated selection on some nuclear genes has been found in pollock (Iwata 1975; Canino and Bentzen 2004) and Atlantic cod (Pogson 2001; Karlsson and Mork 2003) . In both species, the frequencies of some pantophysin (Pan I) alleles are correlated with SST gradients (Canino et al. 2005; Case et al. 2005; Sarvas and Fevolden 2005) . In pollock, the most common Pan I allele also appears in a mirror-image cline on both sides of the North Pacific (Canino et al. 2005) . Frequencies of this allele decrease from 0.91 in the north central Bering Sea to about 0.60 around Japan and in Puget Sound. Frequencies average about 0.80 in a broad area extending across the southern Bering Sea and Gulf of Alaska, an east-west corridor with little change in SST. In that study, a partial Mantel's test showed a highly significant correlation (r 5 0.746, P 5 0.002) between SST differences and pairwise F ST (Canino et al. 2005) .
In Atlantic cod, the sister species of pollock (Pogson and Mesa 2004) , frequencies of the most common Pan I allele (Pan I A ) vary from 0.51 to 0.76 in the northwestern Atlantic off Canada but drop to 0.38 in Iceland and 0.17 in the North Sea . This frequency cline is associated with a west-to-east increase in SST, a pattern induced by the Gulf Stream Current. A similar cline associated with temperature also occurs with latitude from the North Sea, along the Norwegian coast to the Barents Sea (Case et al. 2005; Sarvas and Fevolden 2005) .
Also in Atlantic cod, a frequency cline for mtDNA Cyt b haplotypes appears across the North Atlantic (Á rnason 2004) . In this instance, the common haplotype (A) decreases from about 0.82 off Canada to 0.16 in the Baltic Sea. A second haplotype (E) shows a complementary, but less precipitous, cline across the North Atlantic. The distribution of synonymous and replacement substitutions along the 250 bp of cytochrome b failed to indicate that selection was affecting this portion of the gene. If selection is responsible for these clines, the selected region lies elsewhere on the mtDNA molecule or on an associated nuclear gene.
Natural selection can influence mtDNA in several ways. First, mutations can alter the functions of encoded proteins and transfer RNAs directly. mtDNA encodes components of enzymes involved in oxidative phosphorylation (OXPHOS), which generates energy and heat, two adaptively important functions. In humans, haplotype frequency differences between northern and equatorial populations have been interpreted to reflect adaptive differences in OXPHOS coupling (Ruiz-Pesini et al. 2004) . Haplotypes prevalent in equatorial populations produce more energy than northern haplotypes, which produce more heat. Although pollock are cold blooded, energy efficiency in different temperature environments is nonetheless a key metabolic feature that is subject to strong selection pressure in other vertebrates (Powers et al. 1991) .
If selection is focused on a particular mtDNA gene, this gene cannot be identified from the data summary here. A preliminary analysis of 10 mitogenomic sequences (Yanagimoto et al. 2004 ) from Japan and the Southeastern Bering Sea with Phylogenetic Analysis by Maximum Likelihood (Yang 1998) failed to detect a selective signal for the 13 protein-coding mtDNA genes. However, the locations of these samples and their small sample sizes provide little power for these tests.
A second mode of selection may involve cytonuclear interactions. Proteins encoded by mtDNA form large complexes with proteins encoded by nuclear genes to enable the OXPHOS system. In fruit flies, changes in nuclear background influence the fitness of particular mtDNA haplotypes (Sackton et al. 2003) . In primate evolution, a larger energydemanding brain appears to have driven mtDNA haplotypic evolution (Grossman et al. 2001) . A third form of selection may stem from cytonuclear interactions induced by parasitic bacteria (e.g., Jiggins and Tinsley 2005) . Although similar interactions have not been documented in fishes, they, nonetheless, carry a heavy load of Rickettsia-like infections (Fryer and Mauel 1997) , and future work may demonstrate this effect.
Conclusions
The results reported here prompt an ocean-wide survey of mtDNA sequences in pollock populations to confirm the geographic patterns inferred in this study. Whereas ice-age extinctions and colonizations may explain some components of genetic variability in pollock, natural selection most likely explains the mirror-image clines on both sides of the North Pacific. An additional question is whether a similar regimen of selection has produced the mtDNA clines in Atlantic cod. Although most nucleotide polymorphisms appear to be neutral, changes at only a few nucleotide sites can lead to adaptive shifts (Lande 1981) . In the case of mtDNA, which lacks recombination, the signal of selection is imprinted on the entire molecule.
The collection of genetic data for many species of marine fish, and for pollock in particular, has been motivated largely by the need to resolve stock boundaries for fishery management. In this context, molecular genetic markers are most useful when their geographic distributions can be interpreted solely in terms of gene flow and random drift. Little is known about how the influence of selection on genetic markers alters inferences about stock structure. However, a growing body of evidence indicates that mtDNA (Bazin et al. 2006) , microsatellite DNA (Kashi et al. 1997; Hammock and Young 2005) , and nuclear DNA (Ford 2002 ) experience higher levels of selection than is assumed in many studies of natural populations.
